Background: Deep brain stimulation (DBS) surgery is usually performed with the patients located in a half-sitting position. Therefore, complications associated with such position accompany, such as venous air embolism (VAE), et al. However, because the patients are fully conscious during the surgery, they may have observable manifestations related to the complications that are otherwise inconspicuous in generally anesthetic surgeries. Thus, we designed this study to investigate the intraoperative manifestations of the potentially dangerous complication of VAE in the DBS surgery. Methods: The medical records of a series of 705 consecutive patients who underwent DBS surgery in our hospital have been retrospectively reviewed. The clinical features, intraoperative manifestations and treatment of these patients were analyzed for evidence of VAE. The correlation between the cough intensity and other clinical features were investigated. Results: Evidence of VAE were found in 16 patients. Statistical analyses showed that severe cough is associated with greater age (p = 0.045), longer coughing time (p = 0.001), more intensive tremor (p = 0.032), more complaints (p = 0.036), greater influences (p = 0.009), more treatment (p = 0.003) and longer hospitalization (p = 0.003). Conclusions: Intraoperative intense and unremitting cough may be a noticeable indicator of possible VAE. Early recognition and effective management are essential to prevent unfavorable outcomes in such cases.
Background
Deep brain stimulation (DBS), a novel neuromodulation technique, is widely used in the treatment of Parkinson's disease, dystonia and essential tremor, among other conditions [1] [2] [3] [4] . Simultaneously, extensive research has been performed to investigate its possible application in other fields [5] [6] [7] [8] [9] [10] . In China, over 2,000 patients had received DBS implantation by 2009 [11] , and the total number of DBS surgeries has exceeded 1,000 at our center. In general, DBS surgery is relatively safe, with an overall complication rate of 6.8-28.5 % [12] [13] [14] [15] . Common complications include intracranial hemorrhages, seizures and intracranial pneumatoceles [12, 13] . Venous air embolism (VAE) is a less common complication of DBS surgery [16] [17] [18] [19] . The presentations of VAE in DBS surgery include tachypnea, cough, chest pain, uncooperativeness, restlessness, agitation, electrocardiographic changes, decreased O 2 saturation (SO 2 ) and increased end-tidal CO 2 (ETCO 2 ), and alterations in vital signs (including heart rate [HR], respiration rate [RR] and blood pressure [BP] ) [16, 18, [20] [21] [22] [23] [24] . An intense cough is considered the earliest and most important VAE indicator in DBS surgery [19, 25] . However, these symptoms are not characteristic, and distinguishing between VAE cough and a spontaneous cough may prove to be difficult. The question of whether cough intensity is related to VAE severity remains unclear.
Because of the differences in patient positioning and detection of VAE, the incidence varies in studies from different centers [17, 19, 24, 26] . We designed this retrospective study to further investigate this potentially dangerous complication in a consecutive series of 705 patients who underwent unilateral or bilateral DBS surgery.
Methods
This retrospective study was approved by the Institutional Review Board of Beijing Tiantan Hospital. The medical records of a series of 705 consecutive patients who underwent unilateral or bilateral DBS surgery at Beijing Tiantan Hospital over a period of 85 months were reviewed. the intraoperative events were analyzed for evidence of VAE during DBS surgery, and patients with evidence of VAE were defined as having coughing periods that began during surgery. Patients with a history of a chronic cough or a cough that presented before surgery were excluded. The clinical features, operative courses, post-operative conditions and treatment of these patients were noted and analyzed. To investigate the possible prognostic effects of a cough, these patients were divided into 3 groups based on the cough intensity. The clinical features of these patients were summarized and statistically analyzed by one-way ANOVA and the chi-square test.
The DBS procedures were standard and are described in previous reports [27, 28] . A stereotactic head frame (Leksell, Elekta, Stockholm, Sweden) was mounted under local anesthesia. A preoperative MRI scan was conducted using a 3.0 T MRI scanner (Signa System, GE Healthcare, Buckinghamshire, UK). After defining the line between the anterior commissure and posterior commissure on MRI images, the target location was determined from the 3D-FLASH T2-weighted MRI images using a combination of indirect and the direct methods. The indirect method was based on the anatomical knowledge that the STN is located 2 mm posterior to the midpoint of the anterior-posterior commissure line (the original point), 4 mm caudal to the original point, and 12 mm lateral to the original point. [29] The direct method used the 3D-FLASH T2-weighted image on which the red nuclei and STN were best displayed, and the target was usually the midpoint of the STN at the level of the anterior border of the red nucleus [30] . Initially, we roughly determined the target within the STN using the indirect method and then adjusted the location slightly using the direct method. Then, the target coordinates relative to the original point were computed automatically by the SurgiPlan System (Elekta, Stockholm, Sweden 
Results
In our retrospective study, out of 705 patients, 16 patients (2.3 %) with evidence of VAE and without a chronic cough were found, including 9 males (56.2 %) and 7 females (43.8 %). The mean age of these patients was 67.8 (range 63-75) years. The data related to the 16 patients are shown in Table 1 . These patients underwent DBS surgery for Parkinson's disease (n = 14, 87.5 %), dystonia (n = 1, 6.3 %) or essential tremor (n = 1, 6.3 %). The targets of the surgery included subthalamic nucleus (n = 13, 81.3 %), globus pallidus interna (n = 2, 12.5 %) and ventralis intermedius nucleus (n = 1, 6.3 %). The cough occurred in 9 (56.3 %) patients who underwent surgery on the left side and in 7 (43.8 %) patients who underwent surgery on the right side. All the patients were supine and in a semi-sitting position, with a head elevation of 30-45°. The patients were fully conscious with spontaneous breathing during the surgery. Electrocardiography was utilized, and pulse oxygen saturation (SpO 2 ), ETCO 2 , HR, RR and BP were continuously monitored. Neither transesophageal echocardiography nor transthoracic echocardiography was employed because these tools are invasive or unsuitable for conscious patients undergoing DBS surgery.
In these patients, a cough and other VAE presentations occurred following the drilling of the burr hole (n = 6, 37.5 %), after the dural incision (n = 9, 56.3 %) or during the microelectrode recording (n = 1, 6.3 %). Coughing was noted as the earliest and most conspicuous event in most of these patients and was anteceded by tachypnea in 2 patients (12.5 %). Coughs were divided into the following 3 types according to the description in the anesthesia records: mild and transient cough (n = 6, 37.5 %); evident and gradually attenuating cough (n = 5, 31.3 %); and intense and unremitting cough (n = 5, 31.3 %). Coughing events lasted for 1.5-15 min (mean = 6.0 min). During the coughing period, a tremor occurred in 14 patients (87.5 %), with 8 patients having a mild tremor (not influencing the surgery, 50.0 %), 3 patients having an evident tremor (slowing the operation, 6.3 %) and 3 patients having a violent tremor (leading to suspension of the surgery, 6.3 %). Other symptoms included tachypnea, chest pain, chest distress and dyspnea, which occurred in 56.3 % of these patients. Electrocardiographic changes were found in 2 patients (12.5 %), with 1 arrhythmia and 1 premature beat; in 3 patients, electrocardiography could not be conducted because of mechanical issues. Cardiac troponin T, creatine kinase MB and myoglobin were tested in 7 patients (43.8 %), with no positive results. Increased ETCO 2 (n = 4, 25.0 %), decreased SpO 2 (n = 7, 43.8 %) and changes in vital signs (n = 9, 56.3 %, including increases in HR, RR and BP) were noted in the anesthesia reports. In some patients, the results of ETCO 2 and SpO 2 monitoring were not available because of mechanical issues or adventitious causes.
The surgical reports revealed the following effects of the aforementioned VAE presentations on the surgeries: operation delay (n = 3, 18.8 %), surgery suspension (n = 5, 31.3 %) and difficulty in hemostasis (n = 2, 12.5 %). In 8 patients, no influence was noted. Extemporaneous management was conducted in most cases, including calming directives, irrigating the surgical field with saline, rewaxing the bone edge of the burr hole, increasing the flow volume of oxygen, lowering the head elevation, performance of head CT and chest X-ray examinations, administration of intravenous sedatives in small doses and intensive care unit observation after surgery. No intracranial hemorrhage was found. Chest X-ray examinations revealed increased pulmonary markings and focal edema in 2 patients (Fig. 1) . The mean length of hospital stay was 8.1 d (range [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . With the exception of 2 patients, all other patients (83.3 %) recovered as expected after routine postoperative treatment.
In 2 patients (Case 4 and Case 12), a major cortical vein that was not clearly manifested under the thickened dura ruptured unexpectedly following the incision of the dura mater. Simultaneously, an initially moderate cough was gradually augmented with a body tremor. Initially, the bleeding was not rapid; however, with increased coughing and a whole-body tremor, the bleeding became violent and difficult to control. In one patient, the bleeding was stopped by packing a large amount of surgicel (Surgicel, Ethicon, Johnson & Johnson, New Brunswick, NJ) onto the bleeding region. In the other patient, the bleeding was too rapid to be managed by routine hemostatic methods, most likely because of the increased BP and continuous coughing. Electrical coagulation of the ruptured vein under direct vision was impossible because of the rapid bleeding and violent head shaking. Even with the suction operating at full speed to clear the surgical site, the ruptured vein could not be visualized. The bleeding was finally stopped by risky Abbreviations: SO slowing the operation, SS surgery suspension, DH difficulty in hemostasis 1. Assessment of the cough during the surgery: +, mild and transient coughing periods during the surgery; ++, evident but gradually attenuating coughing periods during the surgery; +++, intensive and unremitting coughing periods during the surgery 2. Assessment of the tremor intensity during the cough: −, no tremor; +, mild tremor with little influence on the surgical site; ++, evident tremor with moderate shaking of the head, obscuring the surgical site; +++, violent whole-body tremor with gross shaking of the head, making it almost impossible to visualize the surgical site clearly 3. +, having more than one of these symptoms, including tachypnea, chest pain, chest distress and dyspnea; −, no other complaint was reported electrical coagulation of the suspected bleeding vessel and its surrounding cortex at relatively high power, which is typically performed outside the dura. The cough gradually stopped within 9-11 min. No further surgical incidents occurred. These 2 patients were observed in the ICU for 24 h. Incomplete hemiplegia and light coma occurred post-operatively in Case 12 because of cerebral infarction under the burr hole (Fig. 2) . With hydration therapy and treatment for the brain infarction, the patient was discharged after a 1-month period. Case 4 was discharged with no permanent neurological deficit after a prolonged length of stay (11 d).
To further evaluate the influence of coughing, we separated the patients into 3 groups based on the cough extent during DBS surgery and compared the major clinical features among the groups ( Table 2) . As indicated in the table, there was no significant difference in the number of patients, mean age, sex, diagnosis, target of DBS surgery, operation side and occurrence of a cough during surgery among the groups (p > 0.05). However, the statistical analyses revealed that members of the "+++" group had greater age (p = 0.045), longer coughing time (p = 0.001), more intensive tremor (p = 0.032), more complaints (p = 0.036), greater influence (p = 0.009), more treatment (p = 0.003) and longer hospitalized (p = 0.003).
Discussion
VAE is a potentially fatal complication of neurosurgeries performed with the patients in a sitting position with the head elevated. In previous studies, it was expected that when the head is more than 5 cm higher than the heart, air could enter the venous system through an opening in a vessel [17, 18, 31] . The air in the vessel could be transported by the circulation and form emboli where the blood flow is slow, leading to complicated physiological alterations and fluctuations in SO 2 , ETCO 2 , BP, HR, RR and other vital signs. In DBS surgery, however, patients who are completely conscious have different presentations, including coughing, tachypnea, chest pain and dyspnea. These presentations are not characteristic, and they typically occur prior to changes in the monitored indices. Thus, early identification and treatment of VAE are possible if coughing, tachypnea, chest pain and dyspnea receive appropriate attention. An uncontrollable cough following burr hole placement and dural incision is considered a strong indicator of VAE [19, 25] . Additionally, although a short episode of mild coughing could be non-specific, the combination of a mild cough and changes in the vital signs, including ETCO 2 , SpO 2 , HR, RR and BP, is highly suggestive of VAE [16, 17, 26, 32] .
Many clinicians are not aware of the association of VAE with coughing. Conscious patients might randomly cough during surgery; however, this type of cough is typically mild and transient, except in patients with a history of a chronic cough. VAE cough occurs shortly after the placement of the burr hole or dural incision [19] , indicating the correlation between a cough and this type of surgery. Neurosurgeons should be aware of this relationship because it is helpful in VAE identification. Typically, a cough attenuates spontaneously. However, it could gradually worsen and become intense and unremitting. The action of coughing is complex and requires cooperation between the chest and abdominal muscles. Thus, when the patient has a severe coughing event, the chest and abdominal muscles contract intensively, resulting in enhancement of body tremor and head shaking, which would jeopardize the surgery. In our study, 14 patients exhibited a tremor, with 6 exhibiting a moderate or intense tremor that would significantly disturb the surgery and lead to prolongation or suspension of surgery. In the cases with complications in our study, the bleeding was not rapid initially; it was aggravated by increased coughing and tremor, which led to marked difficulty in achieving hemostasis. The bleeding was stopped by electrical coagulation of the vessel, which was associated with risks, and the procedure resulted in a post-operative cerebral infarction. If the surgical field was not blurred by marked head shaking, we might have been able to stop the bleeding with a less damaging method.
The incidence, clinical features, detection and treatment of VAE have been reported in previous studies. Detection of VAE is largely dependent on the clinical presentations during DBS surgery. We selected patients with a continuous cough or a mild cough plus other VAE presentations and patients without a chronic cough. Our results showed that the incidence of VAE is 2.3 %, which is nearly equivalent to that reported in previous studies [9, 17] . Considering that there were asymptomatic VAE cases and unidentified VAE cases, the assumed VAE incidence is likely to be an underestimation of the true incidence. We further analyzed the relationship between the cough intensity and the clinical features of the patients with a cough. We found that a severe cough is associated with greater age, a longer coughing time, more intensive tremor, more complaints, greater influence, more treatment and a longer hospitalized, suggesting that the cough intensity could be used to evaluate the extent of VAE. This finding indicated that an intense and unremitting cough during DBS surgery is highly suggestive of severe VAE, which merits attention particularly in elderly patients, because this type of cough is typically more complicated with a more unfavorable prognosis. In these cases, neurosurgeons should immediately stop the operation and take measures to prevent the entrance of additional air, including irrigating the surgical field with saline, rewaxing the bone edge of the burr hole, lowering the head level to reduce the pressure gradient toward the vein, increasing the oxygen supply, administrating sedatives in small doses and asking the patients to relax. In this study, after varying durations of coughing, all the patients gradually stopped coughing, indicating that early recognition and prompt Abbreviations: BH cough began with the burr hole placement, DR cough began with the dural incision, MR cough began with the microelectrode recording, *, Little influence on the surgery, leading to slowing of some operations; Great influence on the surgery, sometimes resulting in difficulty in hemostasis, surgery suspension and ICU observation a Groups were established based on the cough extent during DBS surgery: see Table 1 b Assessment of the tremor intensity during the cough: see Table 1 c Treatment of the coughing period during and after the surgery: ≤3, treatment of less than 3 procedures; >3, treatment of more than 3 procedures management of VAE are essential to prevent unfavorable results.
Our study is limited in that the diagnosis of VAE relied largely on the description in the anesthesia and surgical records. However, many neurosurgeons and anesthesiologists have little experience with VAE and cannot identify VAE presentations in conscious patients. Additionally, many VAE patients do not manifest typical symptoms and might simply complain of discomfort that could go unnoticed by the surgical team. Due to these factors, the accuracy of an investigation based on anesthesia and surgical reports could be diminished. An additional limitation of our study is that more accurate detection methods, such as transesophageal echocardiography, transthoracic echocardiography and pulmonary artery pressure, were not employed at our center. The diagnosis of VAE in the operating room is generally based on clinical experiences, and invasive methods are not suitable because they cannot be utilized with conscious patients. ETCO 2 might be effective, however, ETCO 2 monitoring using a nasal cannula is less accurate and technically unstable [33, 34] . A severe cough or a combination of a cough plus other complaints is likely to indicate the presence of VAE, and such symptoms have been used as VAE criteria in other published studies [17, 19, 26] .
Conclusions
To our knowledge, this is the first large series case study on the incidence and influence of VAE during DBS surgery in China. It is also the first study to investigate the significance of the severity of cough in predicting the outcome of VAE. Our results showed that neurosurgeons should be familiar with the features of VAE cough in DBS surgery. When coughing occurs, neurosurgeons should promptly discriminate between VAE cough and a spontaneous cough. Our data suggested that neurosurgeons should suspend surgery and take measures to prevent the aggravation of VAE in cases in which a cough coexists with an evident body tremor.
